Many members of the genus Flavivirus are important human pathogens, including four serotypes of dengue virus (DENV), yellow fever virus (YFV), West Nile virus (WNV), Japanese encephalitis virus, St. Louis encephalitis virus, and tick-borne encephalitis virus. The flavivirus genome is a plus-sense, singlestranded RNA, ϳ11,000 nucleotides (nt) in length (22). The genomic RNA consists of a 5Ј untranslated region (UTR), a single open reading frame, and a 3Ј UTR. The 5Ј and 3Ј UTRs are approximately 100 nt and 400 to 700 nt in length, respectively. Both the 5Ј and 3Ј ends of the genomic RNA form conserved stem-loop (SL) structures, although the sequences within the SLs are not highly conserved (25) . The single open reading frame of the viral genome encodes a polyprotein, which is processed by viral and cellular proteases into three structural proteins (capsid, premembrane or membrane, and envelope) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Two viral proteins encode enzyme activities. NS3 functions as a protease (with NS2B as a cofactor), nucleotide triphosphatase, an RNA triphosphatase, and a helicase (13, 20, 37, 39) . NS5 acts as a methyltransferase (MTase) and an RNA-dependent RNA polymerase (RdRp) (1, 11, 16, 31, 34) . Upon translation, viral nonstructural proteins and host factors form the replication complex to synthesize minus-sense RNA, which, in turn, serves as a template for synthesis of more plus-sense RNA (6).
Many members of the genus Flavivirus are important human pathogens, including four serotypes of dengue virus (DENV), yellow fever virus (YFV), West Nile virus (WNV), Japanese encephalitis virus, St. Louis encephalitis virus, and tick-borne encephalitis virus. The flavivirus genome is a plus-sense, singlestranded RNA, ϳ11,000 nucleotides (nt) in length (22) . The genomic RNA consists of a 5Ј untranslated region (UTR), a single open reading frame, and a 3Ј UTR. The 5Ј and 3Ј UTRs are approximately 100 nt and 400 to 700 nt in length, respectively. Both the 5Ј and 3Ј ends of the genomic RNA form conserved stem-loop (SL) structures, although the sequences within the SLs are not highly conserved (25) . The single open reading frame of the viral genome encodes a polyprotein, which is processed by viral and cellular proteases into three structural proteins (capsid, premembrane or membrane, and envelope) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Two viral proteins encode enzyme activities. NS3 functions as a protease (with NS2B as a cofactor), nucleotide triphosphatase, an RNA triphosphatase, and a helicase (13, 20, 37, 39) . NS5 acts as a methyltransferase (MTase) and an RNA-dependent RNA polymerase (RdRp) (1, 11, 16, 31, 34) . Upon translation, viral nonstructural proteins and host factors form the replication complex to synthesize minus-sense RNA, which, in turn, serves as a template for synthesis of more plus-sense RNA (6) .
The 5Ј end of the flavivirus genome has a type 1 cap structure, m 7 GpppAm (7, 38) . Since flaviviruses replicate in the cytoplasm (whereas the host capping apparatus resides in the nucleus), this group of viruses encode their own capping machinery. RNA capping generally requires four steps of enzymatic reactions (15) . First, the 5Ј triphosphate end of the nascent RNA transcript is hydrolyzed to a 5Ј diphosphate (pppN-RNA3ppN-RNA) by an RNA triphosphatase. The RNA triphosphatase has been mapped to NS3 in flaviviruses (4, 40) . Second, the GMP moiety of GTP is transferred to the 5Ј diphosphate of RNA (ppN-RNA3GpppN-RNA) by an RNA guanylyltransferase. The guanylyltransferase for flavivirus capping has yet to be identified. Third, the N7 position of guanine is methylated (GpppN-RNA3m 7 GpppN-RNA) by an RNA guanine-MTase (N7 MTase). Last, the first nucleotide of the RNA transcript is methylated at the ribose 2Ј-OH position (m 7 GpppN-RNA3m 7 GpppNm-RNA) by a nucleoside 2Ј-O MTase. In flaviviruses, both N7 and 2Ј-O cap methylations are performed by NS5, using S-adenosyl-L-methionine (SAM) as a methyl donor and generating S-adenosyl-L-homocysteine (SAH) as a by-product (11, 31) .
Biochemical and structural analyses of WNV MTase have identified a K61-D146-K182-E218 motif as the active site for 2Ј-O methylation; the residue D146 of the tetrad was also shown to be essential for N7 methylation (31) . Mutagenesis of genome-length RNA of WNV showed that N7 cap methylation, but not 2Ј-O methylation, is essential for viral replication (10, 45) . Compared with host and other viral MTases, flavivirus MTase exhibits several unique features. (i) A single MTase domain catalyzes two distinct methylation reactions (31) . Crystal structures of flavivirus MTases reveal only a single binding site for SAM as the methyl donor (3, 11, 26, 45) . A mutagenesis study of WNV MTase demonstrated that the enzyme catalyzes two methylations through a molecular repositioning mechanism (10) . (ii) Flavivirus MTases perform the two methylations in the order GpppA-RNA3m 7 GpppA-RNA3m 7 GpppAm-RNA (31, 45) . The sequential methylation was shown to be determined by a substrate preference of m 7 GpppA-RNA over GpppA-RNA during the 2Ј-O methylation reaction (9) . (iii) Both flavivirus cap methylations are dependent on viral RNA sequence (8) . This characteristic is similar to the nature of the L protein of the minus-sense RNA vesicular stomatitis virus and Sendai virus; the L protein performs capping and methylation in a viral mRNA-dependent manner (28, 29) . The specific methylation activity on the viral RNA cap, together with the essential role of the N7 methylation in the viral life cycle, suggests that flavivirus MTase is a potential target for development of antivirals (10) .
Capping of cellular mRNA is targeted to the transcript made by RNA polymerase II elongation complex (5, 27, 42) . It is not known how-or even whether-the flavivirus RNA cap formation is coupled to viral RNA synthesis. The goal of the present study was to identify potential genetic interactions between WNV MTase and other viral elements. We show that WNV genome-length RNA containing an N7-null MTase is nonreplicative. However, transfection of BHK-21 cells with a mutant RNA, containing an MTase possessing only weak N7 methylation activity, produced revertant viruses bearing second-site mutations. The compensatory mutations are located not only in the MTase domain but also in the RdRp domain and the 5Ј-terminal SL of the genomic RNA. Mutagenesis analysis demonstrates that these mutations rescue viral replication. In vitro biochemical assays showed that the compensatory mutation recovered in the MTase domain improved N7 methylation activity, while the mutation recovered in the RdRp domain enhanced polymerase activity. These results have provided direct evidence for genetic interactions among the flaviviral MTase, RdRp, and 5Ј SL of the genomic RNA.
MATERIALS AND METHODS
Construction of mutant genome-length cDNA and replicon cDNA of WNV. Mutant genome-length cDNA clones of WNV were prepared by the use of the pFLWNV plasmid (33) and various shuttle vectors. Shuttle vector A was constructed by engineering the BamHI-SphI fragment from pFLWNV (representing the 5Ј end through nt 3627 of the viral genomic RNA; GenBank no. AF404756) into pACYC177 vector (New England BioLabs). A QuickChange II XL sitedirected mutagenesis kit (Stratagene) was used to engineer the G35T substitution or the 38T insertion into shuttle vector A. The mutated DNA fragment was cut and pasted back into pFLWNV with BamHI and ClaI (representing the 5Ј end through nt 1089 of the genomic RNA). Shuttle vector B was constructed by engineering a KpnI-XbaI fragment (representing nt 5341 through the 3Ј end of the genome) into pcDNA3.1(ϩ) vector. Mutations within the NS5 gene (K61Q, D146S, D146L, D146P, D146R, and W751R, either singly or in combination) were introduced into vector B by the site-directed mutagenesis kit described above. The mutated DNA fragment was swapped back into pFLWNV using BsiwI (nt position 5780) and XbaI (located immediately downstream of the 3Ј end of the genomic RNA).
A Renilla luciferase-reporting replicon (Rluc-Rep) of WNV (44) was used to examine the effects of compensatory mutations on viral replication. To construct Rluc-Rep containing a G35U substitution, we first prepared a shuttle vector, pGEM-5ЈUTR (where UTR is untranslated region), by cloning the fragment spanning SalI (located in the vector of the Rluc-Rep cDNA plasmid) (44) upstream of the 5Ј end of the replicon cDNA to NsiI (located within the luciferase gene) into vector pGEM-9Zf(Ϫ) (Promega). The resulting pGEM-5ЈNTR was used for a G35U substitution by site-directed mutagenesis as described above. The BamH I-NsiI fragment from the mutated pGEM-5ЈNTR was cut and pasted into the Rluc-Rep plasmid, resulting in G35U Rluc-Rep. To construct Rluc-Rep containing NS5 mutations, we swapped the BamH I-BsiwI fragment (from the 5Ј end through nt 5780 of the WNV genome) from the wild-type (WT) Rluc-Rep into the mutant pFLWNV containing the corresponding NS5 mutations. All constructs were verified by DNA sequencing.
RNA transcription and transfection. All plasmid DNA was linearized with XbaI. Genome-length RNA and replicon RNA were transcribed using an mMESSAGE mMACHINE kit (Ambion). All procedures were performed according to the manufacturer's protocols. For transfection, 5 g of RNA was electroporated into 8 ϫ 10
6 BHK-21 cells in 0.8 ml of ice-cold phosphatebuffered saline (PBS), pH 7.5, in 0.4-cm cuvettes by using a GenePulser apparatus (Bio-Rad) with settings of 0.85 kV and 25 F, pulsing three times at 3-s intervals. After a 10-min recovery at room temperature, the RNA-transfected cells were mixed with 25 ml of Dulbecco's modified Eagle's medium containing 10% fetal bovine serum.
Specific infectivity assay and plaque assay. Vero cells (6 ϫ 10 5 per well) were seeded in six-well plates and incubated for 3 days to allow them to reach confluence. A series of 1:10 dilutions was made by mixing 1 ml of RNA-transfected cell suspension (described above) with 9 ml of Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. One milliliter of each dilution was seeded per individual well of the six-well plate containing the Vero cells. After a 6-h incubation under 5% CO 2 at 37°C, culture medium was aspirated; the cells were overlaid with the first layer of agar. A second layer of agar containing neutral red was added on the indicated days (see Fig. 1D ). Plaques were counted after an additional 24 h of incubation. The specific infectivity value was calculated as the number of plaque-forming units (PFU) per microgram of transfected RNA. Plaque assays were performed using a standard protocol (30) with modifications. The modification was required to enable the plaque morphology of the mutant viruses to be compared with that of the WT WNV. Specifically, plates were incubated for 3 days between the addition of the first and the second layers of agar; plaques were recorded at 24 h after the addition of the second layer.
Indirect immunofluorescence assay (IFA). BHK-21 cells transfected with RNA were seeded on a chamber slide (Nalge Nunc). At the indicated time points (see Fig. 1B and 4B ), cells were fixed in Ϫ20°C 5% acetic acid in methanol at room temperature for 20 min, washed with PBS, and incubated with WNV immune mouse ascites fluid (1:100 dilution; ATCC) at room temperature for 1 h. After three washes in PBS, the cells were incubated with goat anti-mouse immunoglobulin G (IgG) conjugated with Texas Red at room temperature for 1 h. The slide was washed three times with PBS, mounted with 90% glycerol, and analyzed under a fluorescence microscope (Nikon).
RNA extraction and RT-PCR. Viral RNA was extracted from virions in the culture medium or extracted from infected cells using RNeasy kits (Qiagen). Reverse transcriptase PCR (RT-PCR) was performed using 5 l of extracted RNA and a primer pair (forward, 5Ј-AGTAGTTCGCCTGTGTGAGCTGAC-3Ј; and reverse, 5Ј-TGCTGACTTTGTGCACCAACA-3Ј) to amplify the first 684 nt of the WNV genomic RNA. A OneStep RT-PCR kit (Invitrogen) was used for the amplification. The RT-PCR products were sequenced.
Luciferase assay. Various amounts of replicon-transfected cells were seeded into a 12-well plate to avoid overgrowth of cells at the time of the luciferase assay. Specifically, 1, 1, 0.5, 0.25, and 0.25 ml of transfected cells were seeded, and cells were assayed for luciferase activities at 4, 24, 48, 72 and 120 h posttransfection (p.t.), respectively. Triplicate wells were seeded for each data point. Luciferase assays were performed using a Renilla luciferase assay system (Promega) following the manufacturer's protocol. At each time point, cells were washed once with PBS and lysed with 250 l of lysis buffer at room temperature for 25 min. After 20 l of cell lysate was mixed with 100 l of assay reagent, luciferase signals were immediately measured with a Veritas Microplate Luminometer.
Recombinant proteins of WNV MTase domain and full-length NS5. Expression plasmids pET28(a) containing the WT WNV MTase sequence (representing the N-terminal 300 amino acids of NS5) or containing the full-length NS5 sequence were constructed as described previously (31) . A QuickChangeII XL site-directed mutagenesis kit was used to mutate specific residues. Mutant plasmids were verified by DNA sequencing. All MTase and NS5 proteins contained an N-terminal His tag, expressed in E. coli Rosetta strain [BL21(DE3)/(pLysS)] cells (Novagen) and purified through nickel columns, as reported previously (31) .
Methylation assay. Details of the methylation assays were described previously (10) . Briefly, the 5Ј-end-labeled substrates, G*pppA-RNA and m 7 G*pppA-RNA (the asterisk indicates that the following phosphate is 32 P labeled), representing the first 190 nt of the WNV genome, were prepared using a vaccinia virus capping enzyme, according to the manufacturer's protocol (Epicenter). N7 methylation activity was measured through conversion of G*pppA-RNA3m 7 G*pppA-RNA in a pH 7.0 buffer. At pH 7.0, no 2Ј-O methylation can occur, whereas N7 methylation is fully active (45) . The 2Ј-O methylation activity was quantified through conversion of m 7 G*pppA-RNA3m 7 G*pppAm-RNA in a pH 10 buffer. At pH 10, 2Ј-O methylation is fully active (45) . The methylation reactions were digested with nuclease P1 to release cap structures (GpppA, m 7 GpppA, and m 7 GpppAm) and were then analyzed on polyethyleneimine cellulose thin-layer chromatography (TLC) plates. The spots on TLC plates, representing the various cap structures, were quantified using a PhosphorImager.
RdRp assay. An RNA containing the 5Ј-terminal 269 nt that are directly connected to the 3Ј-terminal 622 nt of the WNV genome was used as a template for an in vitro polymerase assay. A cDNA fragment, representing BamHI-T7 promoter-the RNA template sequence-XbaI, was cloned into pUC19 plasmid through the BamHI and XbaI sites, resulting in plasmid pUC-TMP. A mutation corresponding to the G35U change in the 5Ј SL of the WNV genome was engineered into the WT pUC-TMP though a QuickChange II XL site-directed mutagenesis kit. For preparation of the RNA template, WT and mutant pUC-TMP plasmids were linearized with XbaI. The linearized DNA was used for transcription via a MEGAscript T7 kit (Ambion), following the manufacturer's instructions. The RdRp assay was performed in a 25-l reaction mixture containing 50 mM Tris, 20 mM NaCl, 5 mM MgCl 2 , 0.5 mM ATP, 0.5 mM GTP, 0.
]UTP (10 Ci/l, 3000 Ci/mmol; Perkin Elmer Life Sciences), 3 g of NS5, and 1 g of RNA template. After incubation at 33°C for 2 h, the reaction mixtures were passed through a MicroSpin G-25 column (GE Healthcare) to remove unincorporated nucleoside triphosphates. The eluate was mixed with an equal volume of denaturing Gel Loading Buffer II (Ambion). The RNA products were then analyzed on a 6% polyacrylamide gel with 7 M urea. The gels were dried. The 32 P-labeled products were analyzed with a PhosphorImager.
RESULTS
Genome-length RNA containing a D146S MTase can generate revertant WNV. Previous studies showed that a D146A mutation in WNV MTase is lethal for both the N7 and 2Ј-O methylations, as well as for viral replication (45) . The results prompted us to perform a genetic selection to search for potential interactions between the MTase domain and other viral elements. We asked whether genome-length RNA, containing a D146 substitution, can generate infectious viruses, and, if it can, what compensatory mutations have accumulated in the recovered viruses. One potential problem in such selection is true reversion, in which the mutated amino acid changes back to the WT D146 after selection. To overcome this problem, we mutated the WT D146 codon GAC to each of UCA, CUG, CCA, and AGA, resulting in D146S, D146L, D146P, and D146R genome-length RNAs, respectively (Fig. 1A) . The mutant codons were selected to minimize true reversion, which requires that all three nucleotides of each codon be changed.
Equal amounts of WT and mutant RNAs were transfected into BHK-21 cells and assayed for their levels of replication. An IFA of the transfected cells showed that, other than WT RNA, only the D146S RNA expressed enough viral proteins to induce IFA-positive cells (Fig. 1B) . The D146S RNA-mediated IFA-positive cells appeared 4 days later than the WT RNA (day 5 versus day 1 p.t. for D146S versus WT RNA, respectively). No IFA-positive cells were observed in cells transfected with the D146L, D146P, or D146R RNAs. Except for WT RNA (Fig. 1D ), no plaques were recovered when culture fluids from the mutant RNA-transfected cells were assayed (data not shown). However, after the supernatant was passaged once in Vero cells for 5 days, the D146S RNA yielded viruses (designated P1 viruses for first passage), as evidenced by the appearance of tiny plaques. After D146S P1 virus was passaged in Vero cells for another four rounds (with each passage lasting 5 to 7 days), the resulting P5 virus yielded plaques larger than those produced by the P1 virus, but these P5 plaques were still smaller than the WT virus plaques. No plaques were observed for the D146L, D146P, or D146R RNA-transfected cells even after five rounds of passaging in Vero cells (data not show). To exclude the possibility that non-plaque-forming viruses were produced by the D146L, D146P, and D146R RNAs, we performed RT-PCR using RNAs extracted from P5 culture fluids and cells. Only WT and D146S RNAs yielded virus-specific RT-PCR products (Fig. 1C) . Analysis of the RNA samples, using real-time RT-PCR with a detection sensitivity of 40 RNA molecules (32) also showed that only WT and D146S RNAs yielded virus-specific RT-PCR products (data not shown). The results demonstrate that the D146S mutation of MTase (but not the D146L, the D146P, or the D146R mutation) is capable of producing virus.
Recombinant D146S MTase retains a low level of N7 methylation activity. To examine whether the capability of the D146S RNA to generate virus correlates with methylation activity, we prepared recombinant proteins of the MTase domain containing the D146S, D146L, D146P, or D146R mutation ( Fig. 2A) . One additional mutant containing a D146T substitution was prepared, because this amino acid change is similar to the D146S mutation. Equal amounts of WT and mutant MTase were assayed for their methylation activities. As shown in Fig. 2B , a conversion of G*pppA-RNA3m 7 G*pppA-RNA (the RNA represents the first 190 nt of the WNV genome) was used to indicate N7 methylation activity. Only the D146S and D146T MTases showed very low levels of N7 methylation activity, i.e., approximately 1 to 2% of the WT activity. Next, a conversion of m 7 G*pppA-RNA3m 7 G*pppAm-RNA was used for detection of the 2Ј-O methylation (Fig. 2C) . None of the mutant MTases showed any 2Ј-O methylation activity. The results suggest that the ability of the D146S genome-length RNA to generate virus correlates with a low level of N7 methylation activity.
Compensatory mutations accumulate in the D146S RNAderived viruses. As described above, the detection of D146S RNA-derived viruses required an extra round of culturing on Vero cells, and the plaque morphology changed between the P1 and P5 viruses (Fig. 1D) . These results indicated that adaptations had occurred in the recovered viruses. Complete genome sequencing of the P5 virus (population sequencing without plaque purification) showed that, beyond the engineered D146S change, four other mutations had accumulated (Fig. 3A, selection I) . The same compensatory mutations were recovered from viruses that were plaque purified from the P5 viruses (data not shown), indicating that the isolate containing the identified mutations was dominant in the selected viral population. To examine the reproducibility of these compensatory mutations, we performed three more independent selections (i.e., different experiments for virus recovery and passaging) (Fig. 3A , selections II to IV). Viruses derived from the later selections revealed similar, but not identical, mutations (Fig. 3A) . The mutations from four selections were located in three regions. (i) A G-to-U substitution at nucleotide position VOL. 82, 2008 WNV MTase-RdRp-5Ј SL RNA INTERACTIONS 7049 35 (G35U) or a U insertion at position 38 (U38-ins) was uncovered in the 5Ј-terminal SL of the genome (Fig. 3B) .
(ii) A P-to-L change at amino acid position 138 (P138L) of the NS1 protein was found only in selection I. (iii) All selections resulted in changes in the NS5 gene. Besides the input D146S mutation, a K61Q or K61T change was identified in the MTase domain, while a W751R change was recovered in the RdRp domain. Notably, both the K61 and D146 residues are within the MTase-conserved K-D-K-E motif and are located next to the SAM-binding site on the WNV MTase (Fig. 3C ). In the crystal structure of WNV RdRp (24), the aromatic ring of W751 is exposed on the surface of the molecule and is located at the opening of the RNA template channel, which is formed between the finger and thumb domains (Fig. 3D) . Sequence alignment showed that W751 is conserved among the WNV, DENV, YFV, and tick-borne encephalitis virus NS5 proteins (data not shown).
Mutations emerge in a specific order: W751R in RdRp, K61Q or K61T in MTase, and 5 SL G35U or 38U-ins in the genomic RNA. To determine the order of emergence of the above recovered mutations, we sequenced the viruses collected at various passages during the selection. The sequencing results showed that the RdRp W751R appeared first (in P1 or P2 virus), the MTase K61Q or K61T emerged second (in P3 virus), and the 5Ј SL G35U or 38U-ins in the genomic RNA appeared last (in P4 or P5 virus). NS1 P138L was first recovered in P2 virus from selection I.
Mutations in the 5 SL of the genomic RNA and mutations in the NS5 gene can rescue viral replication of the D146S RNA. The recovered mutations were engineered into the genomelength RNA of WNV to determine their biological functions (Fig. 4A) . We initially focused on the common mutations derived from the four independent selections: mutations within the 5Ј SL of the genome and mutations within the NS5 gene. Genome-length RNAs were prepared to contain a single mutation (G35U, K61Q, D146S, or W751R), a double mutation (K61QϩD146S or D146SϩW751R), a triple mutation (K61QϩD146SϩW751R, G35UϩK61QϩD146S, or 38U-ins K61QϩD146S), or a quadruple mutation (G35UϩK61Qϩ D146SϩW751R). Three parameters were used to monitor the replication efficiencies of the mutant RNAs. First, we compared the specific infectivity values (SIVs) of the genome- length RNAs (Fig. 4A) . Equal amounts of RNA were transfected into BHK-21 cells for each mutant and were quantified for PFU at various time points after the addition of the second layer of agar (see Materials and Methods for details). WT, G35U, and W751R RNAs yielded plaques on day 1 after addition of the second layer of agar; the resulting SIVs were 8.4 ϫ 10 3 , 3.5 ϫ 10 3 , and 3.0 ϫ 10 3 PFU per g of transfected RNA, respectively. The results indicate that the G35U or W751R mutation alone does not substantially affect viral replication. In contrast, the single mutation K61Q RNA generated plaques on day 3 after the addition of the second layer of agar, with an SIV of 7.5 ϫ 10 2 PFU/g RNA; sequencing of the viruses recovered on day 5 p.t. showed that the mutated K61Q (AAA3CAA; the mutated nucleotide is underlined) had reverted back to the WT amino acid K61. The D146S RNA did not produce any plaques, even after a prolonged incubation (up to 6 days after the addition of the second layer of agar). The doubly mutated D146SϩW751R RNA did not yield any plaques, while K61Q D146S RNA produced plaques on day 4 after the addition of the second layer of agar, with a low SIV of 1.5 ϫ 10 1 PFU/g RNA. Each of three triple mutation RNAs improved the SIV to 4.5 ϫ 10 3 to 5.5 ϫ 10 3 PFU/g RNA, but the resulting viruses still required 3 days of incubation after the addition of the second layer of agar to produce plaques. The quadruple mutation RNA further improved its replication efficiency: the time for plaque formation after the addition of the second layer of agar was reduced, with plaques appearing on day 2.
Second, we performed an IFA to compare viral protein expression of the mutant RNAs in transfected cells. Figure 4B shows the IFA results for a panel of representative mutant RNAs. The G35UϩK61QϩD146SϩW751R, K61QϩD146Sϩ W751R, and K61QϩD146S RNA mutants yielded IFA-positive cells on day 1, day 2, and day 3 p.t., respectively; in contrast, no IFA-positive cells were detected upon transfection of the D146S RNA up to day 4 p.t. (Fig. 1B and 4B) . Third, plaque morphologies were compared among viruses recovered from the various mutant RNAs (Fig. 4C) . Although the compensatory mutations improved the SIV and viral protein expression of the D146S RNA, mutant viruses derived from the quadruple-and triple-mutation RNAs exhibited smaller plaques than the WT virus. Overall, the results indicate that compensatory mutations in the 5Ј SL of the genome and the mutation in the NS5 gene can rescue the replication of D146S RNA, with the highest rescuing efficiency occurring when all of these mutations are present.
The compensatory mutation in NS1 does not contribute to rescue of the replication of D146S RNA. To test the function of mutation P138L in NS1 recovered from selection I (Fig. 3A) , we prepared two pairs of genome-length RNAs and compared their replication efficiencies (Fig. 5) . The first pair was built on a double-mutation RNA in the absence or presence of the NS1 mutation, i.e., NS5 K61QϩD146S alone and NS1 P138L paired with NS5 K61QϩD146S. The second pair was built on a triple-mutation RNA, i.e., the 5Ј SL G35U with NS5 K61Qϩ D146S and the 5ЈSL G35U with NS1 P138L and NS5 K61Qϩ D146S. Similar SIVs, IFA results, and plaque morphologies were obtained for the RNAs with and without the NS1 mutation (Fig. 5) . These results suggest that the P138L mutation in NS1 does not contribute to the restoration of D146S RNA replication.
Analysis of compensatory mutations in WNV replicon. To directly measure the effect of various mutations on improvement of D146S RNA replication, we tested representative mutations in a transient replicon system of WNV. The replicon contained a Renilla luciferase sequence and a foot-and-mouth disease virus 2A sequence that were engineered to replace the structural genes of the viral open reading frame (Fig. 6A,  Rluc-Rep) . Previously, studies showed that transfection of BHK-21 cells with Rluc-Rep RNA generates two distinct luciferase peaks. The first peak, at 2 to 8 h p.t., represents input RNA translation; the second peak, after 12 h p.t., represents RNA synthesis (i.e., the second luciferase peak as a surrogate readout of RNA replication) (23) . Using this system, we transfected BHK-21 cells with equal amounts of WT and mutant replicon and then assayed their luciferase activities at various time points posttransfection (Fig. 6B ). All replicons yielded roughly equal levels of luciferase signal at 2 h p.t., indicating that the transfection efficiency was similar for the various replicon RNAs. For the D146S replicon, a background level of luciferase signal was detected at 48 to 120 h p.t. (Fig. 6B) ; the luciferase kinetics of the D146S replicon was similar to that of a replicon containing a deletion of the GDD active site of RdRp (data not shown). The results suggested that the D146S replicon was nonreplicative. In contrast, the 5Ј SL G35U replicon replicated to a level similar to that of the WT replicon. Addition of an individual mutation, K61Q in the MTase or W751R in the RdRp, to the D146S replicon did not rescue replicon RNA replication. However, addition of both K61Q
and W751R mutations to the D146S replicon did restore replicon RNA replication. The replication efficiency of the triply mutated K61QϩD146SϩW171R replicon was further improved by addition of the 5Ј SL G35U mutation, but the quadruple-mutation replicon, G35UϩK61QϩD146SϩW171R, still replicated more slowly than the WT replicon. Overall, the replicon results demonstrate that the compensatory mutations can restore the D146S RNA replication in an additive manner. Mutations K61Q and K61T in the MTase domain improve N7 methylation. Since the D146S MTase retained only 1 to 2% of WT N7 methylation activity and completely abolished 2Ј-O methylation (Fig. 2) , we reasoned that one potential means to restore viral replication is to improve cap methylation through compensatory mutations. To test this possibility, we prepared a recombinant MTase domain containing the recovered mutations and assayed their effects on methylation activities (Fig.  7A) . Besides the mutation K61Q (recovered from three selections), we also analyzed the K61T mutation (recovered from one selection) and the K61S mutation (similar to the recovered K61T). For N7 methylation, MTases containing the single mu- tations K61Q, K61S, and K61T retained 20%, 68%, and 55% of the WT MTase activity, respectively. Addition of the individual mutation at K61 into the D146S MTase caused an increase in the N7 methylation activity from 1% to 4 to 8% (Fig.  7A, left panel) . Since NS5 is expected to interact with the 5Ј-terminal nucleotide during cap methylations, we tested whether the compensatory mutations G35U and U38-ins in the 5Ј SL of the genomic RNA could improve cap methylation. A similar level of improvement of the N7 methylation was observed for the panel of MTases when assayed on the WT, G35U (middle panel), and U38-ins (right panel) RNA substrates. No 2Ј-O methylation activity was detected for any mutant MTase when either WT or mutant (G35U or U38-ins) RNA substrate was used (data not shown). Collectively, the results indicate that the MTase mutations K61Q and K61T facilitate replication of D146S RNA through an improved N7 methylation activity, whereas mutations G35U and U38-ins in the 5Ј SL of the genomic RNA do not increase cap methylations. Next, we examined whether the presence of the WT RdRp domain or its W751R mutation could affect the methylation activities. Recombinant proteins of full-length NS5 containing single-, double-, or triple-mutation combinations of K61Q, D146S, and W751R were prepared (Fig. 8A) and were assayed for their methylation activities (Fig. 7B ). Although NS5 with the K61Q or W751R single mutation had, respectively, 10% or 97% of the WT N7 methylation activity, addition of the K61Q mutation, but not the W751R mutation, to the D146S NS5 increased the N7 activity from 1% to 4% of the WT activity (Fig. 7B, upper left panel) . Incorporation of the W751R mutation into the K61QϩD146S NS5 did not further improve N7 methylation activity. For 2Ј-O methylation, all NS5 mutants other than the W751R NS5 were completely defective (Fig. 7B, upper right panel). Similar methylation results were obtained when the NS5 mutants were tested on the G35U RNA substrate (bottom panels). The results demonstrate that mutation W751R in the RdRp domain does not affect cap methylation activity in vitro. Mutation W751R in the RdRp domain improves polymerase activity. We directly tested whether the recovered mutations rescue viral replication through enhancement of polymerase activity. Full-length NS5 proteins containing various mutations in MTase, RdRp, or both domains (Fig. 8A) were compared with respect to in vitro polymerase activity. A synthetic RNA containing the 5Ј-terminal 269 nt directly connected to the 3Ј-terminal 622 nt of the WNV genomic RNA was used as a template for the RdRp assay. This RNA template contained the RNA elements (5Ј SL, 3Ј SL, 5Ј UAR/3Ј UAR base pairing, and 5Ј CS/3Ј CSI base pairing) that are known to be important for RdRp activity (2, 14, 18, 19, 23, 35, 36, 41, 43, 44) . Analysis of the RdRp reactions by denaturing polyacrylamide gel electrophoresis (PAGE) showed two major RNA products (Fig.  8B) . As previously reported (41), a product the same length as the input RNA template was derived from de novo RNA synthesis, and a hairpin product double the length of the input template was derived from copy-back RNA synthesis. Because of its double-stranded nature, the double-length RNA product was resistant to complete denaturation during PAGE analysis, and, thus, it migrated faster than the input-length product. Remarkably, NS5 variants containing the W751R mutation (variants W715R, D146SϩW175R, and K61QϩD146Sϩ W175R) generated 5-to 7.8-fold more products than the WT NS5; addition of the MTase K61Q mutation did not further enhance the polymerase activity (Fig. 8B, top panel) . In contrast, NS5 variants containing MTase mutations (variants K61Q, D146S, and K61ϩD146Q) showed polymerase activities similar to the activity of the WT. These results demonstrate that mutation W751R in the RdRp domain improves polymerase activity.
We also examined whether the 5Ј SL mutation G35U affects the polymerase activity. For each NS5 variant, the G35U RNA template reproducibly generated amounts of RNA products (for both the input-length and the double-length forms) comparable to the amount generated by the WT RNA template (Fig. 8B, lower panel) . A similar W751R-mediated enhancement of polymerase activity was observed when the G35U RNA template was used (Fig. 8C) . These results suggest that mutation G35U within the 5Ј SL of the genomic RNA does not contribute to an improvement in RdRp activity in vitro.
DISCUSSION
A productive flaviviral infection requires delicately modulated RNA-RNA, RNA-protein, and protein-protein interactions. The current study reports genetic interactions among flaviviral MTase, RdRp, and the 5Ј-terminal SL of the genomic RNA. Using WNV as a model, we show that the nonreplicative Genetic selection is a powerful means to identify potential intermolecular and intramolecular interactions during viral replication. For flaviviruses, this approach was successfully used to establish a genetic interaction between NS1 with NS4a as a determinant for YFV replicase function (21) . A similar approach was recently used to probe potential contact sites between the MTase and RdRp domains of DENV-2 NS5 (24). A DENV-2 genome-length RNA containing mutations in a loop of the MTase domain (K46AϩR47AϩE49A) was used to select for compensatory mutations in the RdRp domain. An L512V adaptation in a loop of the RdRp domain was required for viral replication, suggesting that the MTase domain and the RdRp domain may interact through the K46-R47-E49 loop and the L512 loop, respectively, (24) . The feasibility of the current genetic selection was built on our previous results that (i) D146 of the WNV MTase domain is essential for both N7 and 2Ј-O cap methylations (31) and (ii) N7 methylation is critical for viral replication (45) . We previously showed that a WNV RNA containing a single-nucleotide-mediated D146A change [GAC (Asp) 3 GCC (Ala)] immediately reverted to the WT D146 through a 1-nt change [i.e., GCC (Ala) 3 GAC (Asp)], resulting in the WT virus (mutated residues are underlined in the descriptions of the reversions). When a genomelength RNA containing a double-nucleotide-mediated D146A change [GAC (Asp) 3 GCA (Ala)] was transfected into cells, the recovered virus initially contained a 1-nt reversion [GCA (Ala) 3 GAA (Glu)], resulting in a D146E virus. Note that Glu and Asp are both acidic residues. Next, the D146E virus underwent a second nucleotide reversion [GAA (Glu) 3 GAC (Asp)], resulting in the WT virus. These previous results emphasize the importance of starting the selection with genomelength RNAs containing a triple-nucleotide substitution in order to avoid true reversion. However, such a triple-nucleotide approach can be complicated by a low rate of recovery of viruses upon selection if the amino acid under study is absolutely required for viral replication. This fact is evidenced by the finding that, among the four mutant RNAs, only D146S RNA generated viruses. Therefore, more than one triple-nucleotide mutant RNA should be tried if the aim is to obtain revertant viruses that are potentially useful for identification of genetic interactions. Once a genetic linkage has been established through revertant analysis, it should be noted that the identified proteins and RNA elements do not necessarily interact with each other directly; the identified molecules can potentially exert their function through a third molecule as a mediator.
Revertant analysis of the D146S mutant viruses revealed a sequential pattern of emergence of mutations: the RdRp W751R appeared first, the MTase K61Q or K61T appeared second, and the 5Ј SL G35U or 38U-ins of the genomic RNA appeared last. The RdRp W751R mutation could be required for the subsequent emergence of other mutations. Alternatively, the RdRp W751R could have been the most critical or essential mutation for restoration of the D146S RNA replication. Our mutagenesis results argue against the latter possibility because mutant RNAs containing all adaptations except the RdRp W751R (i.e., G35UϩK61QϩD146S and 38U-insϩ K61QϩD146S) were infectious (Fig. 4) . Furthermore, these genome-length RNAs were as infectious as the RNA containing the W751R mutation (K61QϩD146SϩW751R), as evidenced by the SIVs and plaque morphology results. However, addition of the RdRp W751R mutation to an RNA harboring all other mutations, resulting in a G35UϩK61QϩD146Sϩ W751R RNA, further improved the replication. The results demonstrate that although the mutations accumulate in a specific order during selections, each mutation contributes independently to the improvement of viral replication.
The compensatory mutations in the MTase domain, K61Q and K61T, are located in the MTase-conserved K-D-K-E motif (17) . The K61-D146-K182-E218 tetrad of the WNV MTase forms the active site for 2Ј-O methylation (31) . Our previous mutagenesis results showed that D146 (but not the other three residues) within the K61-D146-K182-E218 motif is essential for N7 methylation (31) . Addition of the K61Q or K61T (or the similar K61S) mutation to the D146S MTase domain did not rescue any 2Ј-O methylation activity; however, the resulting MTases (variants K61QϩD146S, K61TϩD146S, and K61Sϩ D146S) produced improved N7 methylation activity (Fig. 7) . The effect of K61Q, K61T, or K61S on the improvement of N7 methylation activity of D146S MTase was salient because MTases containing the K61Q, K61S, or K61T mutation alone had only 20% to 68% of the WT MTase N7 methylation activity. A similar effect of the K61Q mutation on the improvement of N7 methylation was observed in the context of fulllength NS5. The results clearly indicate that the MTase mutation (K61Q or K61T) contributes to viral replication of the D146S RNA through improvement of N7 cap methylation.
It remains to be determined how the K61Q, K61T, and K61S mutations improve N7 methylation activity. The chemistry of the N7 methylation reaction is assumed to be distinct from that of the 2Ј-O methylation. The structure of Encephalitozoon cuniculi (Ecm1) N7 MTase suggests a mechanism of methyl transfer without direct contact between the enzyme and either the attacking nucleophile N7 atom of guanine, the methyl carbon of SAM, or the leaving group sulfur of SAH; catalysis of N7 methylation is accomplished through the close apposition, in a specific geometry, of the two substrates (12) . Our previous mutagenesis study showed that recombinant WNV MTases each containing a K61E, K61R, or K61A substitution reduced N7 methylation to 0%, 87%, or 70%, respectively, of the WT activity, while all MTases containing D146A, D146N, or D146K were completely defective in N7 methylation (45) . These results suggest that D146 and, to a lesser extent, K61 contribute to the close apposition into which the two substrates (SAM and N7 guanine) are brought. The defective geometry caused by the D146S substitution may be partially rescued by the K61Q, K61T, or K61S adaptation. A tertiary cocrystal structure of the MTase-SAM-RNA complex will ultimately be needed to reveal the geometry of the K61 and D146 residues during the catalysis of N7 methylation.
The RdRp assay showed that full-length NS5 containing W571R alone, K61QϩW571R, or K61QϩD146SϩW571R enhanced polymerase activity five-to eightfold above the WT level, whereas NS5 containing K61Q, D146, or K61QϩD146S exhibited polymerase activity similar to that of the WT (Fig. 8 ).
The results demonstrate that the RdRp W571R mutation alone, but not the MTase mutations, enhances polymerase activity. These results led us to conclude that the W751R mutation improves the D416S RNA replication through enhancement of polymerase activity. Since N7 methylation of flavivirus RNA cap is important for efficient viral translation, the W751R mutation may compensate for defective N7 methylation simply by overproducing viral genomes that are poorly translated. Interestingly, residue W751 is conserved in flaviviral NS5 proteins and is located at the entrance of the RNA template channel (Fig. 3D) . As mentioned above, Malet and colleagues proposed that an MTase loop (spanning residues K46-R47-E49) interacts with an RdRp loop (containing residue L512) (24) . The L512 loop is located at the exit of the RNA output tunnel (Fig. 3D) . Since residue L512 is more than 34 Å away from W751 and since the two residues are located on different sides of the RdRp molecule, the W751R mutation is not likely to function through a direct interaction with the MTase domain. Although W751R enhances RdRp activity in vitro (Fig. 8) , this mutation alone slightly reduced viral replication in cell culture, as evidenced by a 2.8-fold reduction of SIV of the mutant RNA and a smaller plaque size for the derived virus than for the WT (Fig. 4) . The latter results indicate that the RdRp activity is finely modulated during flavivirus evolution; a viral RNA with a higher RdRp activity alone is not necessarily more infectious.
The effect of mutations in the 5Ј SL of the genomic RNA (G35U or U38-ins) on improvement of viral replication was supported by results from both genome-length RNA (Fig. 4 ) and replicon RNA (Fig. 6) . The replicon results showed that the luciferase signals at 2 h p.t. (representing viral translation) (Fig. 6) were almost identical between the WT replicon and the G35U replicon, suggesting that the G35U change does not affect genome translation. In contrast to the cell culture results, these mutations did not affect MTase (Fig. 7) and RdRp activities in vitro (Fig. 8) . Using footprinting and gel shift analyses, we recently showed that recombinant NS5 specifically binds to the 5Ј SL of the genomic RNA. However, the NS5 protein does not directly protect nucleotide G35U or the U38-ins region (H. Dong and P.-Y. Shi, unpublished data). Since the in vitro experiments were performed in the absence of other viral and cellular factors, it is not unreasonable to speculate that the RNA-protein interaction differs slightly in the context of replication complex. The G35U or U38-ins mutation could exert its function through interaction with the replicase complex in vivo.
